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COMPUTER PROGRAM FOR assumptions regarding the tissue removal effected by each 

OPHTHALMOLOGICAL SURGERY laser pulse . A list of x , y , Z - positions of the laser pulses is 
derived and , according to that list , the ablation of the cornea 

FIELD OF THE INVENTION surface or the interaction between the laser radiation and the 
5 eye tissue is performed . The latter is , at present , mostly 

The present invention is concerned with a computer performed by ultra - short laser pulses . 
program for ophthalmological surgery , in particular , the It is also known in the prior art , to consider certain factors 
present invention is concerned with a computer program for which have an effect on the result of the surgical action when 
determining a working profile for refractive eye surgery and generating the list of single laser pulses . Such influential 
for control of a laser system the emitted radiation of which 10 factors can be the healing process , biomechanical changes 
effects a surgical intervention . The invention is also con by the intervention itself , smoothing effects in the tissue as 
cerned with a method for generating a control program well as a tear film . 
which is used to perform ophthalmological surgery by Such factors to be reckoned on are typically determined 
means of laser radiation or other electromagnetic radiation . empirically on the basis of clinical data and by means of 
Accordingly , the invention is also concerned with a com- 15 certain evaluation functions , e.g. the point - spread function , 
puter system and a device for ophthalmological surgery modulation transfer function etc. The observation and quan 
using a computer program in accordance with the present titative calculation of such factors is known to a person 
invention and using , in particular , a control program that is skilled in the art . 
generated in accordance with the present invention . In the prior art the positions of the individual laser pulses 

20 are calculated with reference to a reference axis to be 
BACKGROUND INFORMATION determined . Very often the “ line of sight ” is selected as the 

reference axis . This reference axis is then used to control the 
It is prior art to perform surgical operations for correction laser systems . As is known , suitable means for forming and 

of ametropia or other therapeutical treatments ( e.g. cuts for guiding the beam are used in order to shape the individual 
ceratoplastics ) by means of laser radiation or other radiation 25 laser pulses and position them in space . The positioning is 
interacting with parts of the eye in order to change the performed in three dimensions wherein the x , y , z - coordi 
optical properties of the eye in a selected manner . Most nates are typically used such that the x , y - plane is perpen 
prominent example of the interaction between laser radiation dicular to the line of sight , whereas the z - axis is in that line . 
and the eye is the re - shaping of the cornea by ablation The z - coordinate , therefore , is related to the focusing of the 
( removal of tissue ) . The present state of the art typically uses 30 laser beam . 
the well - known LASIK technique . The present invention is , According to EP 1 327 948 A2 a list of laser pulses for 
in particular , concerned with LASIK technique , however , ablation is generated by determining for a patient on the 
the invention is generally concerned with ophthalmological basis of aberration measurements a correction list . Thereaf 
surgery with radiation , are in particular laser radiation . ter , a databank is used in which surgical results obtained 
Sources for laser radiation , modified in particular UV- 35 with other patients under similar conditions are stored . On 
sources ( e.g. excimer - lasers ) , IR - sources ( e.g. erbium : YAG the basis of such data a correction of the initial list is 
laser ) as well as ultrashort laser pulses ( e.g. titan : saphire , performed . This results in the eventually used ablation 
Cr : LiSAF , Nd : YLF ) . profile . 

It is also prior art to implant an artificial eye lens ( in US 2003/0225399 Al teaches to simulate an alignment 
traocular lens ) into the eye by means of a surgical action in 40 error . An iteration algorithm is used to measure an actually 
order to correct the eye optically . Certain intraocular lens ablated surface . That measurement serves in the iteration 
types can be modified after implantation by action of light loops as a comparative value . 
( e.g. UV - radiation ) in order to change the form or the optical WO 02/07660 A2 describes a method for determining an 
effect of the lens . It is also known that certain materials ablation profile under consideration of several parameters , 
exposed to high light intensities ( e.g. ultra - short laser pulses ) 45 however , there is no combination of simulating , judging and 
change its refractive properties , i.e. its index of refraction . generating iteratively on the basis of negative judgments . 

In the prior art the changes of form or certain optical It is known in the prior art ( WO 01 / 85075A1 ) to take 
structures of the eye , e.g. the cornea , are calculated on the account of reflection losses caused by different angles of 
basis of clinical data ( e.g. data regarding ametropia ) and incidence upon the cornea when determining an ablation 
corresponding theoretical models ( eye models ) . From the 50 profile . This prior art also teaches to take account of the 
difference between a preoperative form and a theoretical effect on the fluence caused by different angles of incidence 
postoperative form of the eye structure to be changed , the between the radiation and the cornea surface . It is also 
so - called treatment profiles or working profiles can be known to consider the postoperative healing process . 
derived and according to such profiles the laser radiation is All these known techniques can be improved as they are 
controlled in space and time . This is all well - known to a 55 regularly not specific with respect to the individual patient 
person skilled in the art . For example , a preoperative cornea but rather are based on average values of postoperative 
curvature minus a wanted postoperative cornea curvature clinical results of a large number of patients . 
results in a volume of cornea tissue that is ablated in order It is known in the prior art to perform refractive surgery 
to obtain a change in the form of the cornea such that the wavefront - guided . This results in a remarkable improvement 
wanted optical change of the optical system of the entire eye 60 of the results , also at ametropia at higher orders . Neverthe 
is achieved . less , such prior art can be improved as the calculation of the 

If pulsed laser radiation is used in the so - called spot ablation profile is based on assumptions and simplifications 
scanning - method , i.e. single laser pulses are focused such which limit the precision of the laser interaction . 
that its diameters are small as compared to the extension of Prior art according to DE 100 14 480 ( Hohla et al . ) is 
the cornea and are successively scanned over the cornea , the 65 based on the observation that a wavefront measurement 
prior art teaches to generate a complete control program for provides information about the eye , in particular the cornea , 
laser pulses in space and time on the basis of certain in a range within the pupil opening only and that , further 
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more , a topography measurement measures also areas of the cal effects aiming at a final result in which erroneous 
cornea outside the pupil opening . Accordingly , Hohla com ablations are avoided by compensation beforehand in said 
bines both measurements . Also a simulation is described ablation profile . 
how the calculated theoretical ablation profile is subtracted The present invention also teaches a method for generat 
from the preoperative topography in order to obtain the 5 ing a control program for performing ophthalmological 
postoperative ( wanted ) cornea shape . This calculated cornea surgery by means of laser radiation , said method comprising 
shape is presented to the doctor on a screen . The doctor shall the following steps : 
examine the remaining thickness of the cornea and then ( a ) generating an individualized eye model using data of 
decide whether or not the treatment is performed . The the individual patient , in particular the initial shape of 
simulation has the only purpose to provide a presentation to the cornea , 
the doctor as a support to make a decision . ( b ) determining a reference cornea shape to be achieved 

by means of iterative three - dimensional ray tracing 
SUMMARY OF THE INVENTION from the retina using said eye model , 

( c ) determining the difference between the reference 
The present invention aims at providing computer pro cornea shape and the initial shape to obtain an initial 

grams and methods for generating such computer programs ablation profile , 
allowing ophthalmological treatments with improved ( d ) deriving control data for controlling the laser radia 
results . tion , including positional data regarding the positions 

To this end the invention provides a computer program for of the interaction between the laser radiation and the 
determining a working profile in connection with refractive cornea , 
eye surgery and for controlling a radiation system , said ( e ) simulating the interaction between laser radiation program comprising : controlled in accordance with said control data and the 

a user interface for input of data by a user , cornea on the basis of said individualized eye model in 
a data receiving interface for receiving measured data 25 order to obtain , by performing said ablation profile , a 

regarding the eye to be treated , simulated cornea shape , 
a profile change generator for generating an amended ( f ) comparing said simulated cornea shape with the ref 

profile on the basis of the input data and the measured erence cornea shape by applying pre - given criteria to 
data , determine whether or not a difference between the 

a generator for generating control data for controlling 30 simulated cornea shape and the reference shape is 
electromagnetic radiation , within a pregiven tolerance , and 

a simulator for simulating a treatment result on the basis ( 8 ) iteratively repeating steps ( d ) to ( f ) with amended 
of said control data for controlling electromagnetic control data until said comparison reveals a difference 
radiation and on the basis of the effect of that radiation within said tolerance . 
upon eye tissue , This method for producing a control program can also be 

a judgment stage for judging said treatment result by applied to an ophthalmological intervention at an eye lens 
applying pre - given criteria , and , in that case , is characterized by the following steps : 

an iteration loop for , in case of a negative judgment , ( a ) generating an individualized eye model using patient 
generating iteratively another amended profile on the related data , in particular the initial shape of the eye 
basis of other data or for generating iteratively other 40 lens , including its posterior and / or anterior surface , 
control data for controlling the electromagnetic radia ( b ) determining a reference lens form and its anterior 
tion ; and and / or posterior surfaces to be achieved by means of 

a transfer circuit for transfer of control data to a control iterative three - dimensional ray tracing from the retina 
device controlling the radiation system in case of a using said eye model , 
positive judgment in the judgment stage . ( c ) determining the difference between the reference lens 

The afore - mentioned profile is preferably an ablation form and the initial form to obtain an initial working 
profile in the above - defined sense , namely a well - defined profile , 
volume of tissue to be ablated from a cornea . ( d ) deriving control data for controlling the laser radia 

The afore - mentioned user interface and the data receiving tion , including position data regarding the positions of 
interface can be separate program modules or implemented 50 interaction between the laser radiation and the eye lens , 
by one and the same program module . ( e ) simulating the interaction of laser radiation controlled 

The afore - mentioned judgment stage is implemented in accordance with the control data and the eye 
preferably as a fully automatical program module for judg the basis of said individualized eye model , in order to 
ing said treatment results on the basis of pre - given judgment obtain , by processing the initial working profile , a 
criteria . It is , however , also possible to provide in this 55 simulated eye lens form , 
judgment stage for judgments by a user , in particular on the ( f ) comparing the simulated eye lens form with the 
basis of criteria output by the computer program and pre reference lens form by applying pre - given criteria in 
sented to the user on a screen . order to determine whether or not a difference between 

Different from the above - cited prior art DE 100 14 480 the simulated eye lens form and the reference lens form 
( Hohla ) the simulation of the ablation in accordance with the 60 is within a pre - given tolerance , and 
present invention is part of the optimization process to ( g ) repeating iteratively the steps ( d ) to ( f ) with amended 
obtain the eventually used ablation profile . In other words , control data until said comparison reveals a difference 
the present invention does not simply subtract the theoreti within said tolerance . 
cally obtained ablation profile for the purpose of presenting The afore - described method for generating a control 
it on a screen ( as the cited prior art ) but rather the present 65 program to control ophthalmologic surgery at an eye lens 
invention simulates the ablation of individual laser shots can also be used to generate a control program for surgery 
taking into account different estimated physical and biologi at an artificial eye lens . 

35 

45 

lens on 
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According to a preferred embodiment the user interface of FIG . 7 a flow chart of a method for generating a control 
the afore - described computer programs is adapted to receive program for performing an ophthalmologic intervention at 
at least one , preferably a plurality and , more preferably , all e.g. the cornea or an eye lens ; 
of the following data : FIG . 8 schematically a determination of an individualized 

Demographic data ; clinical data ; measured wavefront 5 eye model and an ray - tracing from the retina for determining 
aberrations ; depths of sharpness of the postoperative eye ; the ideal anterior surface of the cornea , 
difference optical zones of the cornea or the eye lens ; FIG . 9 schematically the determination of a base ablation 
biometrical dimensions of the eye , e.g. length of the eye , profile for an iteration ; and 
cornea shape ; biophysical properties of the eye , like water FIG . 10 schematical the adaptation of the fluence for each 
content of tissue ; measuring conditions during diagnostics , 10 pulse with a changing cornea surface during simulation . 
e.g. centering relative to a certain reference axis ; optical DETAILED DESCRIPTION properties of the eye , like pupil diameter or index of 
refraction ; visus value to be achieved ; clinical status of the FIG . 1 shows a schematic block diagram of a laser system patient ; user ( doctor ) . 15 including a computer control and , furthermore , the measur Furthermore , in accordance with a preferred embodiment ing data and conditions observed when controlling the laser of the computer program it is provided that said data system . Block 10 includes an aggregate system comprising 
receiving interface receives at least one , preferably a plu the aforementioned components . Block 12 includes the laser 
rality and most preferably all of the following measured system for eye surgery and in particular the computer control 
data : 20 of the laser beam . The block 10 , including the aggregate 

Energy data regarding the laser radiation ; environmental system , contains also data related to the patient and its eye . 
conditions like humidity and / or room temperature ; biometri The aggregate system 10 comprises , as indicated on top of 
cal data regarding the eye including length of eye , shape of the block 12 ( describing the laser system and its control ) 
cornea ; biophysical data regarding the eye , including the data acquisition blocks which are , as such , known to a 
water content of the tissue ; optical parameters of the eye , 25 person skilled in the art . First , data related to the patient and 
including the actual pupil diameter , index of refraction etc .; its eye are collected , namely biometrical values , biophysical 
measuring conditions during diagnostics , including center values , optical values , and measuring data regarding cen 
ing with regard to a pre - given reference axis ; demographical tering . Furthermore , with regard to the patient and its eye , 
data regarding the patient ; clinical status of patient ; data the following data are acquired : Demographical data of the 
regarding the user ( doctor ) . 30 patient ( age , constitution etc. ) , clinical status of patient . 

All these data related to the patient and his / her eye are The present invention can also be used in the field of input into the computer control of the laser system 12 , as UV - cross - linking of the cornea . Most recently methods have indicated in FIG . 1. In addition , data regarding the physician been developed for stabilizing the cornea ( see PCT / EP2005 / can be entered into the computer , in particular his favorite 001083 " Ophthalmological apparatus ” ) . It was found 35 treatment conditions , like a minimum wavefront aberration recently that , depending on the radiation amount ( energy etc. 
rate , dose rate ) the cornea is changed regarding it's refrac Furthermore , as indicated in aggregate system block 12 , tive power . Therefore , the computer program and methods on the left hand side , data regarding calibration and fluence 
according the present invention can be used to determine a of the laser beam are entered into the computer control of 
light radiation and light distribution in order to achieve an 40 system 12 , as well as data regarding environmental condi 
exact optical correction of the cornea by UV - cross - linking . tions , like humidity and temperature . 
See , in this regard , the following publications : G. Wollensak , In the following , the afore - mentioned biometrical data are 
E. Spoerl , T. Seiler in AMERICAN JOURNAL OF OPH further explained . The term “ biometrical data ” includes e.g. 
THALMOLOGY , MAI 2003 , S. 620 ; and G. Wollensak , E. the individual eye length of the patient and the shape of the 
Spoerl , T. Seiler in J. Cataract Refract Surgery vol . 29 , 45 cornea . The prior art typically uses only a statistical average 
September 2003 , p . 1780 ; and E. Spoerl , 3. Schreiber , K. value of the eye length when setting up and eye model . This 
Hellmund , T. Seiler , P. Knuschke , in DER OPHTHALMO can result in errors when processing the wavefront aberra 
LOGE , 3 ; 2000 p . 203 . tion as the image locations at the retina depend from the eye 

With the method according to the present invention errors length . In particular , the cornea topography is a biometrical 
are minimized when calculating a theoretical ablation profile 50 data . 
and possible deviations from an ideal ablation profile during Other factors based on the individual eye of the patient are 
real ablation are compensated beforehand . With the method the " biophysical data ” like the water content of the tissue 
according to the present invention , the wavefront is mea which has an affect on the interaction of the laser beam with 
sured and processed ( not just topographical data alone ) . the tissue . The water content can change during surgery . 

55 Therefore , a measurement before surgery and measurements 
BRIEF DESCRIPTION OF THE DRAWINGS during surgery ( on - line ) are included . 

The term “ optical values ” includes the pupil diameter of 
In the following examples of the invention are described the eye and the index of refraction as well as wavefront 

with reference to the figures . The figures show : errors measured with the patient's eye . 
FIG . 1 an aggregate system including an ophthalmologi- 60 Furthermore , as indicated by the block “ measuring con 

cal laser system , computer control , measuring , and data ditions , centering ” in FIG . 1 , the computer receives data 
acquisition ; regarding the measuring conditions during diagnostics , e.g. 

FIG . 2 a schematic block diagram of a computer control conditions during the measurement of the cornea topography 
according to FIG . 1 with further details ; or the wavefront aberration . During such measurements a 

FIGS . 3 to 6 schematic block diagrams of different 65 certain reference axis must be used , e.g. the line - of - sight . 
calculation modules for use with a system according to Such centering of all data must be maintained during the 
FIGS . 1 and 2 ; entire procedure . 
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The block “ demographical data of patient ” refers to laser beam acting upon the eye including x , y , z - positions of 
conditions caused by the individual patient , e.g. demo the laser pulses and other control data are known as such to 
graphical data ( age ) and clinical data , e.g. an estimate of the a person skilled in the art . 
healing conditions of the individual patient depending on the Thereafter , the actual refractive surgery is performed . 
constitution of the patient . Another influential factor can be 5 According to FIG . 2 , the laser control controls the light 
the treating physician who prefers certain treatment goals source 28 , the laser beam shaping means 30 , the laser 
and surgical techniques . scanning means 32 and the beam positioning means 34 ( e.g. 

Further conditions input via the interface into the com focusing ) . 
puter can be : an intended minimum wavefront error ( when FIG . 2 also shows a refinement of the system including 

10 means 36 for measuring energy and / or fluence of the laser , using the known measurement of wavefrontaberration ) , a 
minimum depth of sight for the postoperative eye , in par means 38 for measuring a beam position , means 40 for 

measuring environmental conditions ( temperature , humid ticular when correcting myopia , or also a definition of ity ) , and means 42 for measuring the position of the eye different optical zones of the cornea or the eye lens . ( eye - tracker ) . All these measured data can be input into the All these data are input via the interface ( indicated in FIG . 15 generator 16 and the input data can be used to optimize the 
1 by the arrows ) into the computer system . That computer calculated profile . 
system is adapted to calculate a profile for refractive eye FIGS . 3 to 5 describe in detail the different calculation 
surgery and to control a laser system including beam scan modules with regard to the input data and output data . 
ning means etc. in correspondence with the generated pro FIG . 3 describes the generator for the profile , e.g. the 
file . That system is included in block 12 of FIG . 1 and 20 ablation profile if LASIK is performed . In the different 
described in more detail in FIG . 2 . blocks shown in FIG . 3 , the input data are indicated ( on top 

According to FIGS . 1 and 2 the laser system comprises a of FIG . 1 ) and the processing is sketched in the other blocks 
treatment profile generator 14. This generator generates , on shown in FIG . 3 . 
the basis of the afore - mentioned input data and measuring A first input data are the target optical results regarding 
data , a profile representing the initial goal of the treatment , 25 the patient's eye . Further input data are the above - described 
e.g. an ablation profile for changing the form of the cornea . optical values , biometrical values and measuring conditions , 
Furthermore , the program comprises a generator for gen in particular centering . 

erating control data on the basis of the afore - mentioned These data are processed in accordance with the blocks 
profile in order to control laser radiation . All this is theo shown in FIG . 13 under the headline " processing ” . 
retical calculation only , the actual control of a laser is The first block 44 describes the calculation of the three 

dimensional eye model which results from the numerical performed later ( see below ) . This generator calculates , in 
particular , the x , y , z - positions of the pulsed laser radiation , input , as described above , via the interfaces . 

The next block 46 describes a special optical adaptation of i.e. the above - described list of sequential laser pulses as a the eye model . Most essential data are the imaging proper sequence in space and time . 35 ties of the eye based on wavefront measurements and the Furthermore , the program comprises a simulator 18 for geometrical shape of the anterior surface of the cornea . simulating a treatment result on the basis of the calculated Because of incomplete information regarding the individual control data and using said profile . The computer , therefore , eye of the patient , however , such an eye model is also 
simulates a treatment without that the treatment is actually incomplete and there are deviations between the imaging 
performed . 40 properties of the eye model and the real eye . For improving 

During this simulation , preferably , some or all above the eye model , therefore , ray - tracing from the retina is 
stated influential factors and conditions , based e.g. on performed with the eye model and the optical elements ( of 
empirical data , can be used and assumptions are input into the eye ) are varied such that there is a best possible agree 
the program describing the typical effects of such data . ment between the imaging properties of the real eye and of 

This yields a theoretical treatment result which is input 45 the eye model . This results in an optimum eye model . The 
into a judgment stage . The judgment stage determines other blocks 48 , 50 and 52 show how data are obtained for 
whether or not the simulated treatments fulfils certain pre laser control . 
given judgment criteria , i.e. criteria as to whether or not the FIG . 4 shows further details of the generator for gener 
optimum treatment result is achieved sufficiently close . This ating laser control data , in particular positions of the laser 
judgment stage is part of an iteration loop going back to the 50 spot on the basis of x , y , z - coordinates . FIG . 4 shows the 
profile generator 14 as indicated in FIGS . 1 and 2. This input data and the processing steps . 
iteration process observes that the different factors and FIG . 5 shows details of the simulator for simulating a 
conditions to be observed ( as explained above ) can have treatment result . On top of FIG . 5 , the input data are 
very complex interrelations ( the can “ interact with each presented and , under the headline “ processing ” the steps are 
other ) . For example , the laser can reduce the thickness of the 55 indicated , whereas the last block in FIG . 5 , at the bottom , 
cornea such that the inner pressure of the eye changes the presents the output data . FIG . 5 discloses the specific 
shape of the cornea , i.e. the curvature of the cornea can be consideration of the above - indicated treatment conditions 
changed by the pressure . Such effects can be taken care of and influential ( effective ) factors . The single processing 
in the iterative process by decreasing in a second calculation steps are presented and the resulting output data . 
loop the ablation in order to compensate for a bowing due to 60 FIG . 6 shows a change of the reference form ( of the 
pressure . cornea ) for calculating an ablation profile . Under the head 

If , eventually , the judgment stage judges that the result line “ input data ” the general purpose of the process is 
obtained theoretically by performing several iteration loops described . The purpose is to cope with the effect of varying 
is sufficiently correct within certain tolerance criteria , the input conditions on the result of the calculated treating 
iterative process can be terminated and the control data 65 profile . 
( profile ) generated can be input into the control system FIG . 7 shows an embodiment of the present invention 
controlling the laser . Such control - programs to control the using two iteration loops . The embodiment of the invention 
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according to FIG . 7 provides for a first iteration loop for with a young person , there is more rapid smoothing and 
determining first an ideal cornea anterior surface to be healing as compared to an older person . Also there are 
achieved . In this embodiment , a second iteration loop , dependencies from the sex and other individual differences . 
following the first iteration loop , corresponds essentially to Such input is indicated at block 74 . 
the iteration loop described in connection with FIGS . 1 and 5 Furthermore , according to block 76 , there is a simulation 
2. By the algorithm in accordance with FIG . 7 improvement of the change of shape by bio - mechanical effects , e.g. the 
is achieved regarding the precision of the correction , taking above - discussed change of the cornea curvature due to 
account of wavefront aberrations of higher order . This intraocular pressure ( IOP ) . 
algorithm also allows treatment of irregularities of the According to block 78 , a difference is generated between 
cornea , like so - called central islands and also cicatrices . The 10 the ideal and the simulated surface . 
data input interfaces used to input the above explained data After block 78 , a judgment is made . That judgment is 
into the program , are connected , with regard to the transfer based on the “ difference between ideal and simulated sur 
of measuring data , to external measuring devices ( e.g. face ” . In other words , the judgment is a comparison between 
topographer ) directly . A design based on modules allows the simulated cornea shape with the reference cornea shape 
continued improvement , refinement and upgrading to cope 15 by applying certain tolerance criteria , i.e. allowed deviations 
with additional factors and conditions . from the reference cornea shape . Is the intended precision 

The algorithm according to FIG . 7 is explained in the not achieved , the iteration loop is performed again on the 
following : basis of other data . Once the intended precision is achieved , 

First , an individualized eye model ( individualized with the obtained control data are delivered to the laser control 
regard to the patient ) is generated , as is explained above . In 20 system in accordance with FIGS . 1 and 2 . 
particular , the individual length of the patient's eye and , In the following , further details of the above - described 
furthermore , the depth of the anterior chamber are used to program modules are explained . 
generate the individual eye model . Thereafter , according to With regard to the individualized eye model and the 
block 62 , ray - tracing from the retina is performed in order determination of the ideal anterior surface of the cornea for 
to calculate and ideal anterior surface of the cornea to be 25 calculating the profile , the following applies : 
achieved . This ray tracing from the retina of rays by using FIG . 8 shows schematically the individualized eye model 
a model eye is based on the fact that the ideal image point and an ray - tracing from the retina to determine the ideal 
of the optical system " eye ” is known . It is the diffraction anterior surface of the cornea . The following items are 
limited focus at the retina . Based on this assumption , the measured at the patient's eye ( FIG . 8 , left hand side ) : cornea 
ideal anterior surface of the cornea is derived , taking account 30 topography , wavefront - aberration , image taken with a Sche 
of lens aberration and biometrical data , which results in said impflugcamera , thickness of cornea ( L1 ) , depth of anterior 
ideal focal point . This way , the ideal anterior surface of the chamber ( L2 ) , position of lens ( L3 ) , thickness of lens ( L4 ) , 
cornea is obtained . The shown iteration loop is run until , length of eye ( L5 ) , curvature of retina ( R ) . 
based on the individualized eye model , the ideal anterior When implementing such data to calculate the eye model , 
surface of the cornea is obtained on the basis of pregiven 35 the steps are as follows : 
criteria ( tolerances ) . Once the ideal anterior surface of the modeling the basic lens form by measuring the thickness , 
cornea is calculated , in block 74 , optionally , optical zones or taking pictures with a Scheimpflugcamera ; 
can be input if , for example , the anterior surface of the calculating irregularities of the lens from the difference of 
cornea of the patient comprises two or more optical zones the topography data and the wavefront aberration data ; 
comprising different optical properties . making further assumptions regarding refractive indices 

With the ideal anterior surface of the cornea , obtained this of the media , form of the posterior surface of the cornea 
way , the initial profile ( e.g. an ablation profile ) is deter ( constant of asphericity , central radius of curvature ) . 
mined . That initial profile is called in FIG . 7 “ basis ablation After determining the number of rays to be traced and the 
profile ” , see block 66. In other words , this embodiment is starting point ( variant A ) or the starting points ( variant B ) at 
concerned with an ablation of the anterior surface of the 45 the retina , the ray - tracing is started . It includes a sequential 
cornea and the term “ profile ” refers to the ablation profile . calculation of the refraction of the light at the anterior 
In another ( different ) embodiment , the term " profile ” may surface of the lens , at the posterior surface of the lens and at 
refer to another geometrical structure of change in the eye , the anterior surface of the cornea in accordance with Snel 
e.g. the profile can refer to the geometry of a cut to be made lius Law . Thereafter , the ideal anterior surface of the cornea 
by Fs - lasers within the cornea in order to generate a LASIK- 50 is constructed . By so - called fitting of the derivation function 
flap . On the basis of said base profile the improved ablation to the normal - planes of the traced ray ( s ) after refraction at 
profile is calculated , i.e. the difference between the given the posterior surface of the cornea , the un - known anterior 
anterior surface of the cornea and the new anterior surface surface of the cornea and the ideal wavefront can be deter 
of the cornea to be achieved . The ablation profile is a certain mined with regard to the ideal focus point ( variant A ) or a 
shaped volume of corneal tissue to be removed . 55 focus area ( variant B ) . This is illustrated in FIG . 8 , right 

Thereafter , in block 70 , the list of laser pulses is gener hand side , schematically . With variant B an averaging is 
ated , in particular the x , y , z - positions of the laser pulses are performed with regard to the different angles of incidences 
calculated . of the optimized wavefronts . From the ideal wavefront , the 

Thereafter , in block 72 , an ablation simulation is per ideal corneal surface can be derived . 
formed . The simulator simulates a theoretical result of the 60 This anterior surface of the cornea is then shifted axially 
treatment on the basis of the afore - mentioned input data and until it touches the preoperative anterior surface of the 
conditions . At this point is , in addition to the above - de cornea in the optical zone . The reconstruction of the ideal 
scribed embodiments , a simulation of smoothing effects and anterior surface it performed iteratively as the exact points 
a re - epithelisation possible . Such simulation is based on of transition of the rays with regard to the new surface are 
further patient data concerning empirical values regarding 65 not known and can only be obtained step - by - step . 
post - operative smoothing and healing . For example , The profile used in connection with the above - captioned 
depending on the individual patient , it can be assumed that iterative process , which , when the invention is applied to 

40 



cornea . 

US 10,729,585 B2 
11 12 

LASIK , can be called the base ablation profile , is obtained other data specific to the patient can be observed , for 
in accordance with FIG . 9 which shows how the base example the individual strength of the tissue . 
ablation profile for the iterative process is obtained . It is the The simulation according to the present invention can also 
difference between the preoperatively measured cornea be summarized as a comparison of the calculated postop 
topography and the calculated ideal anterior surface of the 5 erative surface with the ideal surface in the judgment stage . 

According to this comparison , the initial ablation profile can 
The base ablation profile serves as starting point of the be corrected . For example if the ablation obtained with the 

iterative process in which the ablation profile is optimized just finished iteration loop is too small , according to the 
under consideration of the diverse effective factors ( see judgment , in the next iteration loop the ablation is increased 
above ) . Different from an ablation profile calculated con- 10 locally . The iteration is repeated until the target precision is 
ventionally from wavefrontaberration , this base ablation obtained . 
profile contains already a compensation of the so - called What is claimed is : 
multiple lens effect ( as described by F. Manns et al . , Journal 1. A method of controlling radiation in an ophthalmologi 
of Cateract and Refractive Surgery , 2002 ; 28 : 766-774 ) . This cal treatment comprising : 
effect is already taken care of when the ray tracing from the 15 generating an eye model in three - dimensions and indi 
retina is performed . vidualized for a patient subject to an ophthalmological 

As to the simulator : treatment , wherein the eye model includes an initial 
The scanning spot ablation is simulated by calculation . corneal shape of a cornea of an eye of the patient , 

The calculation is performed numerically . To this end both wherein the generating the eye model comprises : 
the topographic surface to be ablated as well as the raster of 20 obtaining topography data of an eye lens of the eye of 
the spots are discretized at the same intervals . In order to the patient by at least one of measuring a thickness 
take account of the above - stated different effects ( for of the eye lens or taking pictures with a Scheimp 
example the dependency of the ablation depth from the flugcamera ; 
cornea curvature , reflection losses at the cornea due to calculating irregularities of the eye lens from a differ 
different angles of incidence ; different ablation effects 25 ence of the topography data and wavefront aberra 
because of the varying water content etc. ) , the ablation effect tion data ; and 
of each spot is determined for each individual laser pulse of assuming a form of the posterior surface of the cornea ; 
the simulated treatment in dependence from the spot posi determining a reference corneal shape by three - dimen 
tion ( both afore - mentioned factors are dependent from the sional iterative ray - tracing from a retina using the eye 
position in the x , y - plane ) and the time ( the water content is 30 model , wherein the reference corneal shape is opti 
time dependent ) , and on the basis of the fluence of the laser mized for post - treatment diffraction limited focus at the 
radiation . retina ; 

The simulation of the trea ment can e.g. simulate treat determining a first difference between the reference cor 
ment by an ablating laser ( e.g. ArF - Laser ) but also a change neal shape and the initial corneal shape to obtain a first 
in the tissue itself can be simulated , caused by ultra - short 35 ablation profile ; 
highly focussed laser pulses ( so - called plasmaablation or generating control data for a plurality of laser pulses for 
photodisruption ) . Furthermore , the simulation can be controlling radiation in the ophthalmological treatment 
directed to optical properties ( e.g. index of refraction ) or based on the first ablation profile , the control data 
material shift in artificial eye lenses ( e.g. caused by capillary including fluence data for the radiation and positioning 
effects ) . data for sites of interaction between the radiation and 
During such simulated ablation process or changing pro 

cess , the anterior surface of the cornea and its local surface adjusting the control data to account for at least one of 
gradients change at each iteration loop . The effective flu room temperature , humidity , water content of the cor 
ences of the discretized laser pulses are calculated under nea , the index of refraction of the eye , smoothing 
consideration of the influential factors ( for example depen- 45 effects , re - epithelization , demographical data of the 
dency of the ablation depth from the cornea curvature and patient , intraocular pressure ( TOP ) , and a minimum 
reflection losses at the cornea ) separately , depending on the depth of sight for the postoperative eye ; 
position of the laser shot . The effective fluences of the laser determining based on the positioning data whether to 
pulses are continuously calculated as a function of the account for a reflection loss or a curvature of the 
varying surface . This is shown schematically in FIG . 10. 50 cornea , and , when accounting for the reflection loss or 
FIG . 10 shows how the calculation of the fluence for each the curvature , adjusting the fluence data ; 
pulse is adapted to the changing cornea surface . FIG . 10 also based on the eye model and the control data , calculating 
shows the discretized microsurface areas , serving to calcu an interaction between the radiation and the cornea to 
late the fraction of the fluence effective in each discretized obtain an estimated corneal shape , the calculating an 
micro surface section , as shown in FIG . 10 . interaction between the radiation and the cornea com 

The simulation of the healing process and the smoothing prising : 
process is performed essentially empirically and by applying accounting for a fluence of each individual laser pulse 
the so - called Butterworth - Low - Pass - Filter of first order . of the plurality of laser pulses ; and 
These filters are applied to the surface to be ablated ( see D. determining , based on the control data , an ablation 
Huang et al . in Am . J. Ophtalmol .; 2003 , 135 ( 3 ) : 267-78 ) . 60 effect for each individual laser pulse of the plurality 

If the simulation takes account of biomechanical changes of laser pulses ; 
of the cornea ( e.g. due to the intraocular pressure ) , then a determining whether a resulting difference between the 
FE - model is generated ( finite elements ) . The iteration pro estimated corneal shape and the reference corneal shape is 
cess can then approximate the final cornea surface as a within a predetermined tolerance ; 
function of the local changes in cornea thickness . A constant 65 controlling the radiation in the ophthalmological treat 
internal pressure of the eye is assumed . The intraocular ment using the control data when the resulting differ 
pressure of the eye of the patient is measured . Furthermore , ence is within the predetermined tolerance ; and 
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when the resulting difference is not within the predeter determining , based on the control data , an ablation effect 
mined tolerance : for each individual laser pulse of the plurality of laser 
( a ) based on the resulting difference , calculating an pulses ; 

estimated ablation profile ; determining whether a resulting difference between the 
( b ) updating control data based on the estimated abla- 5 estimated lens shape and the reference lens shape is 

tion profile ; within a predetermined tolerance ; 
( c ) based on the eye model and the updated control controlling the radiation in the ophthalmological surgery 

data , recalculating the interaction to update the esti to treat the eye lens using the control data when the 
mated corneal shape ; resulting difference is within the predetermined toler 

( d ) recalculating the resulting difference between the 10 ance ; and 
estimated corneal shape and the reference corneal when the resulting difference is not within the predeter 
shape ; mined tolerance : 

( e ) iteratively repeating steps ( a ) through ( d ) until the ( a ) based on the resulting difference , calculating an 
resulting difference is within a predetermined toler estimated ablation profile ; 
ance ; and ( b ) updating control data based on the estimated abla 

( f ) controlling the radiation in the ophthalmological tion profile ; 
treatment using the updated control data . ( c ) based on the eye model and the updated control 

2. The method according to claim 1 , wherein the reference data , recalculating the interaction to update the esti 
corneal shape is an anterior corneal surface optimized with mated lens shape ; 
regard to a focus point at the retina of the eye model . ( d ) recalculating the resulting difference between the 

3. The method according to claim 1 , wherein the reference estimated lens shape and the reference lens shape ; 
cornea shape is an anterior corneal surface optimized with ( e ) iteratively repeating steps ( a ) through ( d ) until the 
regard to a focus area at the retina of the eye model . resulting difference is within a predetermined toler 

4. A method for controlling radiation in ophthalmological 
surgery to treat eye lenses comprising : ( f ) controlling the radiation in the ophthalmological 

generating an eye model in three - dimensions and indi surgery using the updated control data . 
vidualized for a patient subject to ophthalmological 5. The method according to claim 4 , wherein the reference 
surgery on an eye lens of an eye , the eye model lens shape is optimized for a focus point at the retina of the 
including an initial lens shape of the eye lens , wherein 
the generating an eye model comprises : 6. The method according to claim 4 , wherein the reference 
obtaining topography data of the eye lens by at least lens shape is optimized for a focus area at the retina of the 

one of measuring a thickness of the eye lens or taking 
pictures with a Scheimpflugcamera ; 7. A method for controlling light acting upon artificial eye 

calculating irregularities of the eye lens from a difference of lenses in an ophthalmological treatment comprising : 
the topography data and wavefront aberration data ; and generating an eye model in three - dimensions and indi 

assuming a form of the posterior surface of a cornea of the vidualized for a patient's eye subject to ophthalmologi 
eye of the patient ; cal surgery , the eye model including an initial shape 

determining a reference lens shape by iterative three and a distribution of an index of refraction of an 
dimensional ray tracing from a retina using the eye artificial eye lens , wherein the generating an eye model 
model , wherein the reference lens shape is optimized 40 comprises : 
for post - surgical diffraction limited focus at the retina ; obtaining topography data of the artificial eye lens form 

determining a first difference between the reference lens by at least one of measuring a thickness of the 
shape and the initial lens shape to obtain a first ablation artificial eye lens or taking pictures with a Scheimp 
profile ; flugcamera ; 

generating control data for a plurality of laser pulses to 45 calculating irregularities of the artificial eye lens from 
control radiation for the ophthalmological surgery a difference of the topography data and wavefront 
based on the first ablation profile , the control data aberration data ; and 
including fluence data for the radiation and a position assuming a form of the posterior surface of a cornea of 
data describing sites of interaction between the radia the eye of the patient ; 
tion and the eye lens ; determining a reference shape of the artificial eye lens by 

adjusting the control data to account for at least one of iterative three - dimensional ray tracing from a retina 
room temperature , humidity , water content of the eye , using the eye model , wherein the reference shape is 
the index of refraction of the eye , smoothing effects , optimized for post - surgical diffraction limited focus at 
re - epithelization , demographical data of the patien the retina ; 
intraocular pressure ( TOP ) , and a minimum depth of 55 determining a first difference between the reference shape 
sight for the postoperative eye ; and the initial shape to obtain a first ablation profile ; 

determining based on the positioning data whether to generating control data for a plurality of laser pulses to 
account for a reflection loss or a curvature of the control radiation based on the first ablation profile , the 
cornea , and , when accounting for the reflection loss or control data including fluence data for the radiation and 
the curvature , adjusting the fluence data ; positioning data for sites of interaction of the radiation 

based on the eye model and the control data , calculating and the artificial eye lens ; 
an interaction between the radiation and the eye lens to adjusting the control data to account for at least one of room 
obtain an estimated lens shape , the calculating an temperature , humidity , water content of the eye , the index of 
interaction between the radiation and the eye lens refraction of the eye , smoothing effects , re - epithelization , 
comprising : 65 demographical data of the patient , intraocular pressure 

accounting for a fluence of each individual laser pulse of ( IOP ) , and a minimum depth of sight for the postoperative 
the plurality of laser pulses ; and eye ; 
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determining based on the positioning data whether to determine a reference shape of the portion of the eye by 
account for a reflection loss or a curvature of the three - dimensional iterative ray - tracing from a retina 
cornea , and , when accounting for the reflection loss or using the eye model , wherein the reference shape is 
the curvature , adjusting the fluence data ; optimized for post - treatment diffraction limited 

based on the eye model and the control data , calculating focus at the retina ; 
an interaction between the radiation and the artificial determine a first difference between the reference shape 
eye lens to obtain an estimated shape of the artificial and the initial shape to obtain a first ablation profile ; 
eye lens , the calculating an interaction between the generate control data for a plurality of laser pulses for 
radiation and the artificial eye lens comprising : controlling radiation in the ophthalmological treat 

ment based on the first ablation profile , the control accounting for a fluence of each individual laser pulse of data including fluence data for the radiation and the plurality of laser pulses ; and positioning data for sites of interaction between the determining , based on the control data , an ablation effect radiation and the portion of the eye ; for each individual laser pulse of the plurality of laser adjust the control data to account for at least one of pulses ; room temperature , humidity , water content of the determining whether a resulting difference between the cornea , the index of refraction of the eye , smoothing 
estimated shape and the reference shape is within a effects , re - epithelization , demographical data of the 
predetermined tolerance ; patient , intraocular pressure ( TOP ) , and a minimum 

controlling the radiation acting upon the artificial eye lens depth of sight for the postoperative eye ; 
using the control data when the resulting difference is 20 determine based on the positioning data whether to 
within the predetermined tolerance ; and account for a reflection loss or a curvature of the 

when the resulting difference is not within the predeter cornea of the eye , and , when accounting for the 
mined tolerance : reflection loss or the curvature , adjust the fluence 
( a ) based on the resulting difference , calculating an data ; 

estimated ablation profile ; based on the eye model and the control data , calculate 
( b ) updating control data based on the estimated abla an interaction between the radiation and the portion 

tion profile ; of the eye to obtain an estimated shape of the portion 
( c ) based on the eye model and the updated control of the eye , wherein the instructions that cause the 

data , recalculating the interaction to update the esti processor to calculate an interaction between the 
mated shape of the artificial eye lens ; radiation and the portion of the eye comprise instruc 

( d ) recalculating the resulting difference between the tions to : 
estimated shape and the reference shape ; account for a fluence of each individual laser pulse of 

( e ) iteratively repeating steps ( a ) through ( d ) until the the plurality of laser pulses ; and 
resulting difference is within a predetermined toler determine , based on the control data , an ablation 
ance ; and effect for each individual laser pulse of the plu 

( f ) controlling the radiation in the ophthalmological rality of laser pulses ; 
treatment using the updated control data . determine whether a resulting difference between the 

8. The method according to claim 7 , wherein the reference estimated shape and the reference shape is within a 
shape is optimized for a focus point at the retina of the eye predetermined tolerance ; 
model . control the radiation in the ophthalmological treatment 

9. The method according to claim 7 , wherein the reference using the control data when the resulting difference 
shape is optimized for a focus area at the retina of the eye is within the predetermined tolerance ; and 
model . when the resulting difference is not within the prede 

10. Apparatus for controlling radiation in ophthalmologi termined tolerance : 
cal treatments , the apparatus comprising : ( a ) based on the resulting difference , calculating an 

a radiation source ; estimated ablation profile ; 
a radiation beam shaping device ; ( b ) updating control data based on the estimated 
a radiation beam scanner ; ablation profile ; 
a processor having access to memory media , the memory ( c ) based on the eye model and the updated control 
media storing instructions which , when executed by the 50 data , recalculating the interaction to update the 
processor , cause the processor to : estimated shape of the portion of the eye ; 
generate an eye model in three - dimensions and indi ( d ) recalculating the resulting difference between the 

vidualized for a patient subject to an ophthalmologi estimated shape and the reference shape ; 
cal treatment , wherein the eye model includes an ( e ) iteratively repeating steps ( a ) through ( d ) until the 
initial shape of a portion of an eye of the patient 55 resulting difference is within a predetermined tol 
selected from at least one of a cornea of the eye and 
a lens of the eye , wherein the instructions to generate ( f ) controlling the radiation in the ophthalmological 
the eye model cause the processor to : treatment using the updated control data . 
obtain topography data of the lens of the eye by at 11. The apparatus of claim 10 , wherein the reference 

least one of measuring a thickness of the lens of 60 shape is optimized for a focus point at the retina of the eye 
the eye or taking pictures with a Scheimpflugcam model . 
era ; 12. The apparatus of claim 10 , wherein the reference 

calculate irregularities of the lens of the eye from a shape is optimized for a focus area at the retina of the eye 
difference of the topography data and wavefront model . 
aberration data ; and 13. Apparatus for controlling light acting upon artificial 

assume a form of the posterior surface of the cornea eye lenses , the apparatus comprising : 
a radiation source ; 
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a radiation beam shaping device ; cornea , and , when accounting for the reflection loss 
a radiation beam scanner ; or the curvature , adjust the fluence data ; 
a processor having access to memory media , the memory based on the eye model and the control data , calculate 
media storing instructions which , when executed by the an interaction between the radiation and the artificial 
processor , cause the processor to : eye lens to obtain an estimated shape of the artificial 

eye lens , wherein the instructions that cause the generate an eye model in three - dimensions and indi processor to calculate an interaction between the vidualized for a patient's eye subject to ophthalmo radiation artificial eye lens comprise instructions to : logical surgery , the eye model including an initial account for a fluence of each individual laser pulse of 
shape and a distribution of an index of refraction of the plurality of laser pulses ; and 
an artificial eye lens , wherein the instructions to determine , based on the control data , an ablation 
generate an eye model cause the processor to : effect for each individual laser pulse of the plu 
obtain topography data of the artificial eye lens by at rality of laser pulses ; 

least one of measuring a thickness of the artificial determine whether a resulting difference between the 
eye lens of the patient or taking pictures with a estimated shape and the reference shape is within 
Scheimpflugcamera ; predetermined tolerance ; 

calculate irregularities of the lens from a difference control the radiation acting upon the artificial eye lens 
using the control data when the resulting difference of the topography data and wavefront aberration 

data ; and is within the predetermined tolerance ; and 
assume a form of the posterior surface of a cornea of when the resulting difference is not within the prede 

termined tolerance : the eye of the patient ; 
determine a reference shape of the artificial eye lens by ( a ) based on the resulting difference , calculating an 

estimated ablation profile ; iterative three - dimensional ray tracing from a retina 
using the eye model , wherein the reference shape is ( b ) updating control data based on the estimated 

ablation profile ; optimized for post - surgical diffraction limited focus 
at the retina ; ( c ) based on the eye model and the updated control 

determine a first difference between the reference shape data , recalculating the interaction to update the 
and the initial shape to obtain a first ablation profile ; estimated shape of the artificial eye lens ; 

generate control data for a plurality of laser pulses to ( d ) recalculating the resulting difference between the 
control radiation based on the first ablation profile , estimated shape and the reference shape ; 
the control data including fluence data for the radia ( e ) iteratively repeating steps ( a ) through ( d ) until the 
tion and positioning data for sites of interaction of resulting difference is within a predetermined tol 
the radiation and the artificial eye lens ; 

adjust the control data to account for at least one of ( f ) controlling the radiation in the ophthalmological 
room temperature , humidity , water content of the treatment using the updated control data . 
cornea , the index of refraction of the artificial eye 14. The apparatus of claim 13 , wherein the reference 
lens , smoothing effects , re - epithelization , demo shape is optimized for a focus point at the retina of the eye 

model . graphical data of the patient , intraocular pressure 
( TOP ) , and a minimum depth of sight for the post 15. The apparatus of claim 13 , wherein the reference 
operative eye ; shape is optimized for a focus area at the retina of the eye 

model . determine based on the positioning data whether to 
account for a reflection loss or a curvature of the 
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